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Abstract
This report is taken directly from a talk given at the 1970 Joint
Spring Meeting of the German and Dutch Physical Societies held in
Eindhoven, Netherlands. As a result of the interest demonstrated
in this work, we have published it here.
The talk demonstrates the assignment of neutron resonance spins
and parities by direct examination of the differential scattering
spectrum shape as a function of energy at a few scattering angles.
The test case shown here concerns the weIl known 12C (n,n) scat-
tering cross section in the energy range 2 to 6 MeV. Some of our
highly structured 40Ca scattering data are also shown. Detailed
analysis of the calcium data is nearly completed and will be
reported soon.
Dieser Bericht ist ein Konferenzbeitrag zur Frühjahrstagung der
Deutschen Physikalischen Gesellschaft, vorgetragen-im April 1970
in Eindhoven, Holland. Wegen des allgemeinen Interesses an dieser
Arbeit wird der Vortrag an dieser Stelle veröffentlicht.
Es wird eine Methode erläutert, die es ermöglicht, aus der Form
des differentiellen Streuquerschnitts bei wenigen Winkeln Spins
und Paritäten von Neutronenresonanzen zuzuordnen. Diese Methode
wird am Beispiel der differentiellen Streudaten von 12C im Ener-
giebereich von 2 bis 6 MeV veranschaulicht. Für 40Ca wird ein
Teil unserer hoch aufgelösten differentiellen Streuquerschnitte
gezeigt, deren komplizierte Niveau-Struktur nach der diskutierten
Methode analysiert werden. Eine vollständige Analyse der Ca-Daten
ist fast abgeschlossen und wird in Kürze veröffentlicht werden.
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The work reported here is part of a program whose main aim is the
study of fast neutron resonances. During the course of these in-
vestigations,spin and parity assignment of narrow, closely spaced
resonances proved to be a problem of considerable difficulty. For
the determination of these parameters, high resolution neutron
scattering data have recently been measured. Hitherto the method
of phase shift analysis has been applied for the evaluation of
such data. This method has been very successful in describing broad
structure and energy regions where phase shifts for only a few
l-values are involved. For the present case, this method is of
limited application since resonances are closely spaced and unique-
ness is difficult to obtain. This difficulty can be overcome by a
detailed study of resonance shapes and symmetries in the differen-
tial elastic scattering cross sections. With high resolution, the
analysis of scattering data can be performed by a direct shape
comparison between theory and experiment.
It is this method which will be discussed here. For illustration,
high resolution neutron scattering data on carbon are presented.
These data have been measured in the energy range from 550 keV to
6 MeV using the neutron time-of-flight facility at the Karlsruhe
isochronous cyclotron. A broad neutron spectrum was produced by
bombarding a uranium target with deuterons of the internal
cyclotron beam. The data recording system included four proton
recoil detectors, a detector position coder and a digital time
analyzer coupled to an on-line computer. Standard time-of-flight
techniques were used for data collection. For a 58 m light path,
aresolution of .05 nsec/m was achieved. This corresponds to an
energy resolution of 700 eV at 550 keV and of 25 keV at 6 MeV.
Figure 1 gives a view of the main part of the experimental set-up.
An aluminum collimator was used at the end of the flight path. The
scattering sampIes ware cylinders symmetry axes perpendicular
to the reaction plane. The sampIe was viewed by three neutron
detectors each subtending an angle of 25
0
• A small plastic
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scintillator in the open beam direction served as a neutron flux
detector. Data were simultaneously taken at angles of 540 , 900 ,
1400 and at 00 for flux monitoring. The choice of these angles is
based on the analysis method which utilizes the angular dependence
of resonance shapes in the elastic scattering cross section. These
cross section shapes are very sensitive to the l-value of a reso-
nance state due to the interference between resonance scattering
and hard sphere scattering from other partial waves. Thus, a few
properly chosen angles allow a unique determination of the 1- and
J-value. Using the Legendre polynomial expansion and the R-matrix
formalism, a set of characteristic resonance shapes has been
c a.Lcu.Lat.e d ,
Figure 2 shows a set of single level shapes for s, p and d wave
resonances at the three angles chosen in the experiment. The
calculations were performed for a hypothetical 12C resonance at
4 MeV with a width of 200 keV. A nuclear radius of 3.3 fermi was
assumed. Contributions of partial waves through 1 = 4 were in-
cluded in the representation of the scattering. In view of the
different shapes the main features for level identification can
be seen.
Since for s-waves the dominant part in the interference cross sec-
tion is contributed by the L = 0 term in the Legendre expansion,
there is no pronounced angular dependence. The decrease of the
cross section maximum for 90 0 and the shift at backward angles
are typical and can be explained by the s-Wave resonance - p-wave
potential interference via the L = 1 term-.
For p-waves a symmetry at 90 0 is apparent. This is produced by
the disappearance of s-wave potential - p-wave resonance inter-
ference contained in the L = 1 term of the Legendre expansion.
A destructive interference below resonance and a constructive
above are seen at forward angles. This effect is reversed at
backward angles and is common to both J-values. The different
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amplitude behaviour - the steady decrease for p 1/2 and the slight
increase at backward angles for p 3/2 - allows spin identification.
A d-wave resonance can be identified from the sharp amplitude in-
crease at backward angles. The d-wave character is confirmed by the
distinct d-wave resonance - s-wave potential interference pattern
which goes through zero at 54.70 and 125.30 , the zeros of the
second Legendre polynomial.
The general appearance of such resonance shapes is largely independ-
ent of energy and channel radius varying only in details of magnitude.
Significant shape changes are seen from coherence effects. Figure 3
illustrates such effects which occur in the differential scattering cross
section for resonances of both same and different spin and parity.
For demonstration, d-wave resonances 20 keV and 300 keV wide of
J = 3/2 were chosen. The narrow resonance was moved across the broad
state fixed at 4 MeV in order to investigate shape distortions due
to interference. This effect is evident on the deep minimum between
the resonances. Many such calculations were performed for s, p and d
waves with various J-values. They form a family of standard resonance
shapes which can be referred to during comparison against measured
data,
To demonstrate the practicability of level assignment from a direct
study of resonance shapes, carbon elastic scattering data are sh@wn
in Figure 4. The spins and parities for the first four levels in 12C
are weIl known from previous analyses. These data were measured in
order to normalize our other scattering measurements to thecross
section of carbon below 2 MeV. The values shown were calculated
directly from the scattering yield. The calculation involved correc-
tions for flux attenuation in the sampIe.
No corrections were applied for multiple scattering and angular
resolution. The statistical error is less than 2 %and does not
exceed the point size. The assignment of I and J values is made by
reference to the precalculated standard shapes and characteristic
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features of s, p and d wave resonances. Thus, two d 3/2 resonances
are assigned at 2.95 and 3.67 MeV with non-negligible resonance-
resonance interference. The lowest level is in accordance with a
narrow d 5/2 resonance. The resonances at 4.2 and 5.35 MeV corre-
spond to p-waves with spin 1/2 and 3/2, respectively. The lower part
of the figure shows the theoretical shape of the cross section based
on these assignments. This shape is in good agreement with the ex-
perimental data. Complete agreement is also found with previous spin
and parity assignments.
Having thus examined the reliability of direct shape analysis, applica-
tion to extremely narrow and closely spaced resonance structure is
intended. Figure 5 shows a portion of our calcium differential neutron
scattering cross section which is currently undergoing evaluation. The
absolute values shown are estimated to be accurate within 15 %. Direct
comparisons with other data are difficult due to the lack of equiv-
alently high resolution. The present data, averaged over 130 keV,
agree weIl with the BNL 400 values reported by Langsdorf. Nearly
all reson~~ces seen in the energy range from 750 keV to 1.15 MeV
could be assigned unambiguously. Further details of our analysis
/
will be given in a later report.
Summarizing, we conclude that detailed study of resonance shapes
observed at a few angles can be used to advantage for the assignment
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Fig.5 Differenial Neutron Scattering Cross Section for 40Ca
between 750 keV and 1.15 MeV

